In search-and-rescue missions, multi-degrees-of-freedom (DOF) tracked robots that are equipped with subtracks are commonly used. These types of robots have superior locomotion performance on rough terrain. However, in teleoperated missions, the performance of tracked robots depends largely on the operators' ability to control every subtrack appropriately. Therefore, an autonomous traversal function can significantly help in the teleoperation of such robots. In this paper, we propose a planning and control method for 4-DOF tracked robots climbing up/down known stairs automatically based on internal sensors. Experimental results obtained using mockup stairs verify the effectiveness of the proposed method.
Introduction
In search-and-rescue missions, it is widely known that multidegrees-of-freedom (DOF) tracked robots that are equipped with subtracks are very useful. Quince [1] is a typical example of such a multi-DOF tracked robot. It explored buildings that were affected by the meltdown accident in the Fukushima Daiichi nuclear power plant [2] . Such a multi-DOF tracked robot has main tracks that constitute a skid-steered mobile base, and each one rotates independently. In addition, it is equipped with subtracks that connect to the main body with rotary joints at the front and rear of the main tracks. Further, it has high traversability on rough terrain in spite of its relatively simple mechanism.
For search-and-rescue missions, a tracked vehicle is sometimes required to traverse stairs to go to another floor and expand the reachable area. However, stairs represent typical uneven ground and are likely to cause some trouble for ground vehicles, even a multi-DOF tracked robot. In particular, if its subtracks are operated inadequately, it can cause fatal failure modes, such as tipping over. Moreover, in teleoperated missions, the operation of the subtracks is a difficult task, and this can easily cause operation errors. Therefore, it requires sophisticated operator skills.
To solve this problem, various related studies have been carried out on tracked robots [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Okada et al. realized a shared autonomous system to control subtracks adaptively by mounting laser range sensors on the multi-DOF tracked robot to detect the ground shape under the robot body [3] . Li et al. developed an autonomous system to traverse stairs by using kinect sensor [5] . Zhang et al. realized climbing control including the detection of stairs, using a multi-DOF tracked robot equipped with a laser range finder, sonar, and a proximity distance sensor [9] . As mentioned in each paper, these are effective systems. However, each approach requires dedicated external sensors to detect the shape of the stairs. On the other hand, depending on the search target, there are cases where the shape of the stairs is known or where it can be detected using external sensors that were originally installed to achieve automatic navigation or environmental map construction. In such cases, it should be possible to reduce the number of dedicated external sensors that detect the shape of the road surface, which is required by the conventional method. As other related research examples, Ohno et al. proposed a semiautonomous approach to make the subtracks remain in contact with the unknown shape ground by realizing compliant joints that are based on jointtorque information [12] . However, this approach requires a 2 Journal of Robotics current sensor on each subtrack to obtain the joint torque, and the sensor information is affected by the friction of its transmissions. To reduce the effect of the friction, the reduction ratio of the gear should be small. However, the sutrack power that is required to achieve control on uneven terrain is limited. In addition, Nan et al. proposed and verified control while ascending stairs by using a crawlertype robot without any additional sensors, but this method applies to the specific robot used in their study. Therefore, it is not considered suitable for general applications. The above conventional approaches are primarily for unknown natural rough terrain. On the other hand, there are some cases where the shape of the stairs is known, and in such simple cases, the robot does not require external sensors. Therefore, in this paper, we propose an autonomous motion for a 4-DOF tracked robot for climbing up/down a known flight of stairs based on the rotational velocity of the main tracks, the rotational position of the subtracks, and IMU (Inertial Measurement Unit) information, without any other external and internal sensors. Besides, some conventional multi-DOF tracked robots, such as Quince, are 6-DOF and have four subtracks, one each at the front-left, front-right, rear-left, and rear-right of the main tracks. However, in the case when it is undergoing a typical climbing up/down motion on stairs, the left and right subtracks are not operated independently but are synchronized. Therefore, our proposal is also useful for 6-DOF tracked robots. In addition, some verification tests are reported to confirm the validity of the proposed method.
As a supplement, we have already reported a part (only climbing up the stairs) related to this theme [13] . This article has comprehensive contents including climbing up and climbing down stairs in addition to [13] .
Problem Description
In this study, we aim to realize a motion planning and control for a 4-DOF tracked robot to ascend and descend on various types of stairs by utilizing only the rotational information of each track and the attitude of the robot body. To proceed this study, we assumed the target robots and target environments, as shown in the following subsections. These assumptions are common for many applications such as autonomous inspection in known buildings or search-and-rescue, and therefore the results of this research can be used widely and generally.
Target Robot.
In this study, we employ a 4-DOF tracked robot that consists of two main tracks to enable skid steering. It has two pairs of two synchronous subtracks. One pair is on both sides of the front, and the other is on both sides of the rear. The rotation range of each subtrack exceeds ±90 ∘ with respect to the front-rear direction of the main tracks. For joint angles, both the front and rear are defined as positive in case directed to upward toward main track. We also assume that the shape of the robot and the parameters of the position of the centroid of the robot are known. In addition, we assume that the position of the centroid of the robot is set such that it fits within the range that is directly above the contacting ground of the main track. Further, this position is in the state where the robot is grounded only by the main crawler onto the horizontal plane for any joint angle of the front and rear subtracks. In addition, there are multiple grousers on the periphery of each track that serve to improve the friction between the track and the ground. These should be sufficient to prevent the robot from slipping. We assume that the number of rotations of the main tracks and the subtracks are obtained by internal sensors, such as rotary encoders, which enable basic velocity/position control and odometry. The robot's pose is obtained by an IMU that contains acceleration sensors and gyroscopes. The definition of each specification parameter is described in Figure 1 (i). Δ and Δ are the angles formed by the outer edges with respect to the symmetry line when the front and rear subtracks are viewed from the side of the robot, respectively. They are represented by the following:
(1)
Target Environment.
In this paper, we deal with an environment consisting of two different horizontal floors that are connected by stairs, with all steps in parallel. The distance (pitch) and inclination between two adjacent edges of the stairs are constant. We assume that all steps have a horizontal plane, and the existence of a vertical plane is arbitrary. , , and the number of steps are known. The width of the stairs is sufficiently larger than that of the robot. In addition, we assume that the relationship between and the maximum length of the flat area under the robot = + + is ≥ 2 . This assumption means that the robot can traverse the stairs while maintaining an inclination of the robot that is equal to that of the stairs. In addition, the conditions of ( , ) are limited in that falling backward (described later) does not occur in the case where the robot stretches all subtracks completely straight. This assumption physically means that the robot is at least able to traverse the stairs.
Definitions of Motion Phases and Failure Modes
When the tracked robot climbs up the stairs, there are three motion phases (Figure 2 ). On the other hand, there are four motion phases in the case involving climbing down the stairs ( Figure 3 ). In both cases (climbing up and climbing down), the failure mode that most easily occurs differs based on the motion phase. In this section, we define failure modes, motion phases, and their relationships.
Definition of the Three Phases of the Climbing-Up Motion.
First, we divide the stair climbing-up motion into three phases as follows:
(i) Pitch-up ascend phase: the phase starts when the robot touches the lowest step of the stairs and lasts until the inclination of the robot, , corresponds to that of the stairs, (Figure 2(i) ).
(ii) Normal climbing-up phase: this is the phase between (i) and (iii). During this phase, the inclination angle of the robot is equal to that of the stairs (Figure 2 (ii)).
(iii) Pitch-down ascend phase: this is the phase during which the inclination angle of the robot starts to decrease, which leads to the robot successfully reaching the new level (Figure 2 (iii)).
Definition of the Four Phases of the Climbing-Down
Motion. Secondly, we divide the stair climbing down motion into four phases as follows:
(i) Descend-ready phase: an operation state for detecting the relative position between the robot and the highest step. (ii) Pitch-up descend phase: after the main tracks touch the highest step, the operation state until the pitch angle of the robot body substantially matches the inclination of the stairs .
(iii) Normal climbing-down phase: this is the phase between (ii) and (iv). During this phase, the inclination angle of the robot, , is equal to that of the stairs, (Figure 3(iii) ).
(iv) Pitch-down descend phase: the phase from leaving the lowest step until the pitch angle of the robot body, , evenly matches the lower floor
Definition of Failure Modes.
While the robot traverses the stairs, it is necessary to prevent the following four failure modes:
(1) Slipping: the friction between the tracks and the steps is not sufficient to move in the direction of the main tracks.
(2) Falling backward: the robot body rotates backward and downward around the lowermost point of contact with the stairs (flips over backwards, as shown in Figure 4 ).
(3) Direction error: orientation of the robot deviates from the perpendicular direction to each edge of the stairs. Although this deviation is not a failure, as a result of this, falling sideward (tips sideways, as shown in Figure 5 ) or contact with side wall restricting the width of the stairs or slipping sideward (the frictional force decreases and slides down in the side direction of the robot) can happen. In this paper, as a generic name of these failure modes, it is written as direction error.
(4) Excessive shock: the contact shock exceeds the acceptable level for the robot (or surrounding environment) when it falls and touches the surrounding environment (as shown in Figure 6 ).
Relationships between Motion Phases and Failure Modes
The tendency of each failure mode is different for each motion phase described above. In this section, we explain the relationships with each failure mode that is likely to occur in each motion phase.
Case Involving Climbing Up
4.1.1. Pitch-Up Ascend Phase. Slipping tends to occur owing to an insufficient frictional force. On the other hand, because the pitch of the robot body is zero or is sufficiently small, it is difficult for it to fall backward and sideward compared to other motion phases. In addition, with respect to the excessive shock, it occurs if the robot body slips after being lifted in the pitch direction. However, this can be prevented by preventing it from slipping. Therefore, for this phase, it is desirable to prioritize the prevention of sliding.
Normal Climbing-Up Phase.
According to the assumption described in Section 2, friction is sufficiently generated with respect to the staircase during the normal climbingup phase. For this reason, it is difficult to slip. On the other hand, because the inclination of the robot body is large, falling backward and sideward are likely to occur. In addition, excessive shock is unlikely to occur, with the exception of those caused by falling backward and sideward. In addition, even if it occurs, its influence tends to be reduced. Therefore, in this phase, it is preferable to prevent falling backward and sideward.
Pitch-Down Ascend Phase.
As well as the normal climbing-up phase, slipping is unlikely. In addition, once falling backward and sideward can be prevented in the normal climbing-up phases, it is difficult for slippage to occur, even in this phase. On the other hand, if the subtracks cannot be properly operated, immediately after the centroid of the robot body passes through the highest edge of the step, it will be pulled by gravity and will fall while rotating around the edge, causing excessive shock when landing on the upper floor. Therefore, in this phase, it is desirable to prioritize the prevention of excessive shocks.
Case Involving Climbing Down

Descend-Ready Phase.
Because this phase is primarily an operation to move on the upper even plane, it is difficult for any failure mode described in Section 3.2. However, depending on the position of the centroid of the robot and the length of the subtracks, it can fall over when the subtracks are grounded and the robot body is lifted.
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Pitch-Up Descend Phase.
Because the grouser of the crawler belt comes into contact with the highest edge of the step in an oblique direction during this phase, friction is sufficiently generated (described later). Therefore, it is difficult for slippages to occur. In addition, because the pitch of the robot body is zero or sufficiently small, it is difficult to fall backward and sideward compared to the normal climbing-down phase described later. On the other hand, if it fails to properly operate the subtracks, it is pulled by gravity immediately after the centroid of the robot passes the edge of the highest step, falling while rotating, and an excessive shock occurs at the time of landing. Therefore, in this phase, it is also desirable to prioritize the prevention of excessive shocks.
Normal Climbing-Down
Phase. This is the same as the normal climbing-up phase. Therefore, in this phase, it is preferable to prevent falling backward and sideward.
Pitch-Down Descend
Phase. In addition to the pitch-up ascend phase, slipping is likely to occur. However, because the destination after slipping down is the lower floor on which the robot is going to advance, the sliding itself is not fatal. However, it is possible that the shock at the time of landing as a result of slipping may be excessive. On the other hand, it is difficult for falling backward and sideward to occur in this phase as long as they can be prevented during the normal climbing-down phase grade. Moreover, if the front subtracks cannot be properly operated, it falls from the lowest contacting edge immediately after the front subtracks leave, and an excessive shock is generated at the time of landing. Therefore, in this phase, it is desirable to give priority to preventing any excessive shocks, including those caused by sliding ( Figure 7) . The relationship between each motion phase and failure mode described in this section is summarized in Table 2 .
Operation Strategy
For the three phases involving climbing up the stair and the four phases involving climbing down, the failure modes that are likely to occur and which should be considered are different in each phase. In this section, we describe the operation strategy to prevent failure modes that are likely to occur in each phase. In addition, when the robot straightens the subtracks and the contact plane composed of the main tracks and the subtracks is in a horizontal state, the position of the entire centroid of the robot is generally not at the center of the contact plane and is either at the front or rear. In this paper, the side at which the centroid position is biased is defined as the front direction of the robot. Considering the situation with normal climbing up or down, it is desirable that the centroid be biased toward the upper side in order for the robot to operate without falling backward. This is common in ascending and descending cases. Therefore, it is desirable that the ascending operation be performed by advancing (translational speed is positive), and the descending operation by reversing (translational speed is negative). In this paper, we assume that the climbing up is a forward movement and that the climbing down is a backward movement. Therefore, note that the side closer to the lower floor is the rear of the robot, and the side closer to the upper floor is the front, without depending on the difference between the climbing up and down movements.
Slip Prevention in Pitch-Up Ascend Phase.
In the pitchup ascend phase, the operation to prevent slipping should be given priority. Thus, the motion of the robot should be predetermined in advance to prevent the slipping mode. For this reason, it is desirable that the reference joint angles of the subtracks and be set such that they increase friction. According to Y. Liu and G. Liu, when a tracked robot with grousers makes contact at the peak of a step, as shown in Figure 8 , the equivalent friction coefficient (the value calculated from the force affecting it in the peripheral direction divided by the force affecting it in the normal direction) at the contact point can be calculated by [14] = sin ( + − Δ ) + cos ( + − Δ )
where is the friction coefficient between the materials of the grousers and the materials of the stairs. Therefore, the friction of the front subtrack is maximized when the denominator on the right side of (2) is equal to zero. Hence, the slipping mode can be minimized when the reference angle of the front subtrack ref is determined as
Incidentally, for this condition, mathematically equals infinity. This means that the finite force affects the contact point even if the normal force equals zero by the actual hooking of the grousers. In addition, in the case where the robot lifts up its main body from the horizontal state, the friction coefficient required to lift the body becomes smaller as the front contacting point becomes physically closer to the rear contacting point [15] .
On the other hand, to prevent the falling backward mode, it is desirable that the rear subtracks remain very close to the ground to prevent it from falling backward. Based on the above, we can conclude that the reference joint angle of the rear subtrack ref is determined as follows:
where is the margin of the rear subtrack that does not make contact with the lower floor, even if there is any error or delay of control.
Prevention of Falling Backward and Sideward in Normal
Climbing-Up Phase. In the normal climbing phase, two falling modes, falling backward and direction error, easily occur. It is possible to prevent the falling backward mode when the subtracks are operated properly. On the other hand, it is difficult to prevent the falling sideward mode in the Journal of Robotics 7 case where the robot's orientation differs from the vertical direction of the edges of the stairs, even if the subtracks are operated properly. In the following subsections, we describe control methods to prevent the above two failure modes.
Prevention of Falling Backward Using Subtracks.
The falling backward mode occurs in the case where the zeromoment point (namely, the acceleration projection point of the centroid to the support polygon) [16] of the robot moves downward and moves out of the range of the support polygon. Thus, when the robot climbs up the stairs, it is desirable that the centroid be located as low and frontward as possible and also extend the support polygon backward. Based on the above, it is effective for the front subtrack to be extended frontward, and the rear subtrack is extended backward so that all of the contact points are located in a single flat plane. Hence, the reference joint angles of the subtracks in the normal climbing-up phase are described by
Prevention of Direction Error Using Main Tracks.
To prevent the robot from direction error, it is desirable that the orientation of the robot matches the vertical direction of the stairs as closely as possible. Therefore, the main tracks need to be controlled based on the control law of (6) using , which is the angle between the orientation of the robot and the direction of the stairs:
where Ω ref is the target angular velocity of the robot body and is the control gain. The problem to be overcome involves the detection of . In our assumption, the robot does not have any external sensors. Furthermore, in the case where the left and right main tracks experience unequal degrees of slipping on the stairs, and where the yaw angle of the robot obtained by a gyroscope experiences some drift, it causes an increase in the estimation error of when the robot relies only on a dead-reckoning method such as odometry or its gyroscope. Therefore, to solve this problem, we propose a method to calculate based on the roll information in the gravity direction. Let → be a unit vector pointing to the left of the robot body in the robot coordinate system, and let → be a unit vector in the gravity direction ( Figure 9 ). → = (− cos , sin cos , sin sin ) , → = (0, 0, −1) ,
As → ⋅ → = cos( /2 + ), where is the roll angle of the robot body with respect to the gravity direction, we derive
Equation (8) indicates that we can obtain from the inclination of the stairs and the roll angle of the robot body . is also known, and can be detected using only an internal sensor, IMU, without drift. Besides, the switch of control law from the pitch-up phase to the normal climbing phase is conducted when the pitch angle of the robot body comes sufficiently close to the inclination of the stairs, . More specifically, the control law is changed when the condition
is established. Here, ± describes the detection error range of the pitch angle of the robot.
Shock Mitigation in Pitch-Down Ascend
Phase. In the pitch-down ascend phase, the robot should be very careful to mitigate the shock that is encountered between the robot body and the ground when it touches down on the upper floor. For shock mitigation, the ideal of a soft, landing motion makes the height of free fall equal to zero. This motion can be created theoretically by causing the front subtrack to make contact with the upper floor just before the centroid projection point of the robot body passes the peak of the final step. This can be realized only when the position of the robot is estimated without error. However, it is difficult for the robot to maintain the accuracy of the position estimation at high quality on stairs on which it tends to experience slipping or oscillation. In the case where the front subtracks contact the upper floor with the robot's position estimation error, it may hit the peak of the final step or the upper floor with some force. As a result, increases, and in the worst case, the falling backward mode occurs. To avoid the above situation, in this paper, we propose a method that absorbs the position estimation error for practical applications. Specifically, the robot operates in a motion such that its height of free fall does not exceed the maximum acceptable height ℎ max for the robot and the surrounding environment when the robot touches down on the upper floor. Figure 10 (a) indicates a state in which the joint angles of the rear subtracks are equal to zero, and the zero-moment point matches the peak of the final step. This is the statetransition configuration for which the robot starts to fall in a forward direction, and ℎ indicates the height of free fall. Based on the geometric condition of Figure 10 (a), the reference joint angle of the front subtrack should be ref , as described in (10) below, to make the height of free fall equal to the intended ℎ less than ℎ max .
where 0 is the offset distance in the front-back direction of the robot between the peak of the final step and the center of the main tracks, as shown in Figure 10 (a). Specifically, it is expressed by the following equation:
On the other hand, the joints of the rear subtracks should be controlled downward slightly, to support the robot body falling forward smoothly, as shown in Figure 10(b) . We can determine a suitable angle of the rear subtrack by using the configuration of the robot in the figure: the three contact points do not generate the internal force required to grasp the stairs.
Depending on the geometric condition, the reference joint angle of the rear subtrack ref can be calculated by
where 0 is the pitch angle of the robot body when the front subtrack makes contact with the upper floor after the robot falls down in the forward direction. Thus, it satisfies In this study, we assumed that the robot has no external sensors. Therefore, the phase transition from the normal climbing phase to the pitch-down phase is conducted when its running distance in the normal climbing phase exceeds a fixed value, as shown in the following equation:
where is the number of steps. is a dimension that is indicated in Figure 11 , which according to the geometric condition is determined by
Position Detection of Highest
Step in Descend-Ready Phase. It is desirable for the robot to accurately perceive the relative position with the stairs in order to smoothly and safely perform the operation of the climbing down after the pitch-up descend phase. However, the information about the shape of the stairs that can be perceived by the robot on the upper floor applies only to the top edge of the step. Therefore, in order to detect this using a robot that has no external sensors, we let the robot perform the following operation. First, bring the rear subtrack into contact with the ground, and tilt the robot body forward slightly. More specifically, the In case main tracks start to contact top edge of stairs, Figure 12 : Position detection when the robot starts climbing down.
pitch angle of the robot body is set to an angle that exceeds the detection error range of the pitch angle , and the stability margin [17] is sufficient. We define this angle as de . On the other hand, with respect to the front subtrack, the position is determined so that it stays very close to the upper horizontal floor such that the forward tilting can be performed smoothly and safely. In summary, the target joint angle of the subtracks can be expressed as the following equations:
As described above, if the robot moves backward to the stair while controlling the subtracks, the robot can perceive that it is in the relative position shown in Figure 12 when the pitch angle of the robot body becomes horizontal.
Shock Mitigation in Pitch-Up Descend Phase.
In the pitchup descend phase, it is very important to mitigate the shock when the body collapses to the stairs immediately after the centroid of the robot passes through the top edge of the stairs. In order to decrease this shock, should be made equal to as much as possible before the position of the centroid exceeds the edge of the highest step. Based on this idea, the target joint angle of each subtrack is determined as follows. First, the front subtrack is controlled so that the inclination of the robot body matches the inclination of the stairs as much as possible. Specifically, the feedback control described in the following equation is performed:
Equation (18) implies PI control of the front subtrack so that the pitch angle of the robot body matches the stair inclination . However, based on this control method, it is necessary for it to be limited in ref ≤ /2 + as a countermeasure for the case where the length of the front subtrack is insufficient to make the robot body inclination equal to the inclination of the stairs (see Figure 13) .
On the other hand, with respect to the rear subtrack, it needs to be controlled based on the following equation so that the inclination of the robot body coincides with the inclination of the stairs after the centroid position crosses the edge of the highest step:
Further, switching from the immediately preceding descend-ready phase to the pitch-up descend phase can be performed when the inclination angle of the robot body becomes sufficiently horizontal. Specifically, switching should be performed when the following equation (20) is satisfied using the detection error in the pitch angle direction .
Prevention of Falling Backward and Sideward in Normal
Climbing-Down Phase. It is better to perform the same control as the normal climbing-up phase. That is, in order to prevent falling backward, the robot should extend the front and rear subtracks horizontally, and to prevent direction error, the main crawler should be controlled so that the robot is directed perpendicular to the edges of the stairs based on the roll-angle information. It is reasonable that switching from the immediately preceding pitch-up descend phase is performed when it is believed that the position of the centroid of the robot has moved downward from the edge of the highest step, as well as when the pitch angle of the robot body matches the inclination of the stairs . Here, we describe the joint angle of the front subtrack in this situation. Based on Figure 14 , the following equation holds when the ZMP is positioned at the vertex of the uppermost stage of the staircase:
where is the horizontal distance between the center of the sprocket in front of the main tracks and the top of the staircase when ZMP is coincident with the top edge of the stair. In addition, let be the distance in the vertical direction between the sprocket center and the upper floor in front of the main track in the same state, and when matches , it is described as Moreover,
Therefore, we can derive the following equation:
From the above, it is reasonable to switch when both (25) and (26) are satisfied.
Here, when < | − tan − / cos |, the arcsin term in (25) cannot be defined. This means that when the pitch angle of the robot body coincides with the staircase, and the position of the centroid exceeds the highest edge of the stairs, the front subcrawler is too short to touch the upper floor. In this case, it is reasonable to ignore the condition of (25).
Preventing Sliding Down and Impact Mitigation in the
Pitch-Down Descend Phase. In order to avoid the shock shown in Figure 7 , it is necessary to set the front subtrack to the upper direction than the step inclination and to set the fall height to 0 before leaving. Alternately, if the length of the front subtrack is insufficient to touch the upper floor, it is desirable to make it as small as possible. In addition, it is necessary to consider shocks that can occur due to slipping. Here, as described in Section 5.1, the joint angle of the front subtrack that most prevents slipping is expressed by (3), which means that it is always directed upward than the inclination of the robot body in most cases. In this study, we focus on the prevention of slippage, and we assume that the falling height can be reduced to zero because the front subtrack is sufficiently long, or even if a drop of a certain height occurs, the impact will be allowable. According to this assumption, the operational concept of each subtrack is similar to that described in Section 5.1, and it is reasonable to perform control based on (3) and (4).
Next, we consider a reasonable condition for switching the control method from the last normal climbing-down phase. It is an option to switch when the pitch angle of the robot body becomes smaller than the inclination angle of the stairs. However, switching the control method at this instant increases the pitch angle of the robot after the grounding point to the lower floor moves from the rear subtrack to the main track and generates the risk of falling backward. In this study, we assumed that the backward-falling motion does not occur when the inclination of the robot body is less than the inclination of the stairs. For this reason, it is safe to switch the control method after ensuring that the inclination of the robot body does not exceed the step inclination upon changing the control method. The state before and after switching at this moment is shown in Figure 15 . Based on geometric conditions,
is established. Moreover, we also derived the following equation: From the above, it is considered safe to switch when the pitch angle of the robot body satisfies the following equation:
Verification Test
We verified our proposed method described in the previous section by conducting tests with a tracked robot on mockup stairs. In this section, we describe the procedures and results, and we discuss the verification tests.
Test Equipment
6.1.1. Tracked Robot. We used the tracked robot Kenaf [18] in our laboratory for verification tests ( Figure 16 ). Kenaf is a 6-DOF tracked robot that has two main tracks for traversal, as well as four subtracks, which are located on both sides at the front and rear of the robot and which can be controlled independently. However, the left and right subtracks are synchronized in the verification tests. Table 1 indicates the parameters of Kenaf. In addition, this robot is equipped with an RT-USB-9AXIS-00, which is a 9-axis IMU sensor module manufactured by RT Co., Ltd., in the main track part, and uses the posture-estimation filter proposed by Madgwick et al. [19] . Therefore, the robot can detect the pitch and roll angle with respect to the gravity direction. In addition, the robot has a 9-axis IMU sensor module RT-USB-9AXIS-00 made by RT Co., Ltd., on the main tracks to detect the pitch and roll angles of the robot with respect to the gravity direction.
Mockup Stairs.
In order to confirm whether the proposed method described in Section 5 can be applied even when the inclination angle and the pitch of the stair are changed, we used a self-made mockup stair, as shown in Figure 17 . The stair can change both the pitch between two adjacent edges of the stairs and its inclination . can be changed by up to 60 ∘ , and can be changed to any value up to 2400 mm.
Test Procedure.
We implemented the proposed method on Kenaf, and we conducted traversal tests on the mockup stairs with a safety rope in front of the robot. As the initial condition, the robot is made to face the step, and it started with the front and rear subtracks folded inward ( = = 165.2[ ∘ ]). The running speed of the main tracks was set at 5 cm/s and −5 cm/s for the ascending and descending tests, respectively. For (2) and (3), we set the friction coefficient to = 0.74[-] based on our preliminary test. The margin of the rear subtrack required to prevent contact with the lower floor was set as = 6
∘ . The height of the free-fall margin ℎ was set at 50 mm for the condition = 30 ∘ and 80 mm for = 45 ∘ . In addition, in the descend-ready phase, the target joint angle of the backward crawler de was set to −36 ∘ . According to the results of some preliminary experiments, the detection error of the pitch angle of the robot body was = 2.9
∘ . On the other hand, based on the above parameters, we conducted verification tests under three different conditions, ( , ) = (30 ∘ , 200 mm), (30 ∘ , 300 mm), and (45 ∘ , 200 mm), and we performed five trials for each condition. The number of steps was constantly found to be = 4.
In these tests, the pitch angle and the roll angle of the robot body, the joint angles , , and the operation mode were recorded as log information. Based on the continuous photographs in Figures 18-23 , we can confirm that the robot can safely climb up and down the stairs based on the proposed motion strategy. Here, we consider the transition of the state of the robot for each mode from the data profile shown in Figures 24-26 , which is the test result of climbing up. First, in the pitch-up ascend phase, the pitch angle of the robot remained almost horizontal until it touched the lowest step, so the front and rear subtracks also kept almost constant angles according to (3) and (4) . After the front subtrack makes contact with the lowest step, the pitch angle of the robot gradually increases, and along with this, the joint angle of the front subtrack is decreased and the rear subtrack is increased accordingly; therefore, we can see that the pitch angle of the main body is made to smoothly coincide with the stair-inclination angle. After that, when the pitch angle of the main body roughly matches the inclination angle of the stairs, it switches to the normal climbing-up ascend phase, and each joint angle of the front and rear subtracks is kept constant based on (5) . In this way, it is possible to climb up stairs while maintaining the pitch angle of the robot body almost at the inclination angle of the stairs. In this normal climbing-up phase, when the traveling distance satisfies (14) , the transition to the pitch-down ascend phase is made, and the front and rear subtracks are determined based on (10) and (12) . Then, it is possible to move the centroid on the upper floor and to decrease the pitch angle of the robot body.
On the other hand, we should consider the data profile shown in Figures 27-29 , which is the test result of climbing down. In the first descend-ready phase, the robot went back keeping with its pitch angle of the robot body which was slightly decreased by controlling the joint angles of the front and rear subtracks based on (16) and (17) . As a result, we see that condition (20) was established at approximately the same time that the rear end of the main track made contact with the highest edge of the stairs, and the transition to the subsequent pitch-up descend phase was made. In the pitch-up descend phase, the joint angles of the front and rear subtracks are controlled based on (18) and (19) , respectively, and the pitch angle of the robot body can be made to coincide with the target inclination, . After switching to the normal climbingdown phase, the robot continued to proceed in a backward direction until conditions (25) and (26) were established.
Then, it switched to the pitch-down descend phase. In this phase, the subtracks performed the same control as with the pitch-up ascend phase, and it successfully transitioned the pitch angle of the robot body horizontally.
Consequently, we applied the proposed method to various cases for different configurations of stairs.
Conclusion
In this paper, we described a method to make a 4-DOF tracked robot climb up and down a known flight of stairs autonomously based on internal sensors only. We classified both motion phases and four failure modes while the robot climbed up and down the stairs, and we then proposed an effective motion in each phase to prevent failure modes. Moreover, the transitions between phases were also realized based mainly on the inclination sensor of the robot body. As a result of the verification tests, we confirmed that a 4-DOF tracked robot climbed up and down the stairs without any failure modes based on our proposed method. From the above, the objective of this research that is automatic floor change for the 4-DOF tracked robots through stairs was achieved. Moreover, the method described in this paper can be applied to many robots sharing the assumptions described in Section 2, and it can be expected to be widely generalized.
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